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A PILOTED SIMULATOR STUDY OF LONGITUDINAL HANDLING QUfiITIES 

OF SUPERSONIC TRANSPORTS I N  THE W I N G  MANEUVER 

By Richard S. Bray 

Ames Research Center 
Moffett Field,  C a l i f .  

SUMMARY 

A p i lo ted  simulator incorporating simulated v i s u a l  cues i n  t h e  landing 
maneuver w a s  used i n  an exploratory study of several  parameters per t inent  t o  
the  s t a b i l i t y  and cont ro l  cha rac t e r i s t i c s  of supersonic t ranspor t s .  

The r e s u l t  of p i l o t s '  assessments of speed-thrust i n s t a b i l i t y  i n  the  
landing approach, which i s  associated with the  l i f t  -drag charac te r i s t ics  of a 
low-aspect - r a t io  d e l t a  wing, indicated t h a t  t he  condition would not be t o l e r -  
able f o r  normal operation of a t ransport  a i r c r a f t ,  but would be acceptable f o r  
emergency operation. Low values of s t a t i c  longi tudinal  s t a b i l i t y  w e r e  accepted; 
however, neu t r a l  s t a t i c  s t a b i l i t y  w a s  considered to le rab le  only i n  an emergency 
condition. 
t ransport  a i r c r a f t  w a s  desired.  

P i tch  cont ro l  s ens i t i v i ty  of t he  order of t h a t  of current large 

Measurements of landing touchdown performance parameters from simulated 
landings indicated t h a t  no severe longi tudinal  control  d i f f i c u l t i e s  were appar- 
ent  i n  the  f l a r e  and touchdown maneuver over t he  l imited f l i g h t  conditions 
represented i n  the  t e s t s  and f o r  t he  range of var iables  considered. 
distance between the  cockpit and the  landing gear and the  p i tch  a t t i t u d e  of 
t he  supersonic t ransport  configuration at  touchdown did not seem t o  present a 
serious problem in  height judgment o r  longi tudinal  cont ro l .  

The great  

The v i sua l  simulation w a s  assessed as a s igni f icant  contribution t o  
handling qua l i t i e s  research; however, i t s  successful appl icat ion i n  these t e s t s  
involved a subs tan t ia l  period of p i l o t  t r a in ing  so t h a t  the  v i sua l  cues could 
be used e f fec t ive ly  i n  the absence of t he  cockpit motions experienced i n  f l i g h t .  

INTRODUCTION 

It is  generally recognized t h a t  t he  high-speed performance requirements of 
supersonic t ranspor t s  w i l l  r e s u l t  i n  t h e  adoption of unusual aerodynamic con- 
f igurat ions . Previous experience with supersonic m i l i t a r y  a i r c r a f t  has indi-  
cated t h a t  such configurations w i l l  probably have s t a b i l i t y  and cont ro l  
problems i n  several  of t h e  operational f l i g h t  regimes and w i l l  require auto- 
matic s t a b i l i t y  augmentation equipment. In an e f f o r t  t o  obtain information t o  
a id  the  designer i n  defining the  requirements for t h i s  equipment, a program of 
p i lo ted  simulator s tudies  i s  being conducted at  the  Ames Research Center. The 



i n i t i a l  study, which w a s  d i rected toward t h e  s tabi l i ty  and cont ro l  problem 
areas in supersonic cruis ing f l i g h t ,  i s  reported in reference 1. The second 
phase of t he  program considers t h e  problems of t h e  low-speed f l i g h t  regimes. 
This report  presents t he  r e s u l t s  of a simulator study of longitudinal control  
parameters i n  t h e  approach and landing maneuver. 

The objective of t h e  landing tes ts  w a s  t o  study several  SST control  
problems suggested by a comparison of t he  geometrical charac te r i s t ics  of a 
delta-winged supersonic t ransport  (SST) design and a current subsonic turboje t  
t ranspor t .  Figure 1 shows both airplanes oriented with respect t o  the  ground 
plane as they would appear a t  touchdown, and t a b l e  I presents  a comparison of 
cha rac t e r i s t i c s  per t inent  t o  longi tudinal  control  in t h e  landing approach. 
problems, primarily functions of s ize  and mass dis t r ibut ion,  are: 
response in p i t ch  with pract ical-s ized cont ro l  surfaces, and (2 )  possible 
i n a b i l i t y  of t h e  p i l o t  t o  cont ro l  precisely ground contact conditions because 
of h i s  extreme distance from the  wheels and t h e  ground a t  touchdown. Another 
problem arises from the  basic  aerodynamic cha rac t e r i s t i c s  of t he  low-aspect- 
r a t i o  wing. If t h i s  a i r c r a f t  i s  flown at high l i f t  coef f ic ien ts  so t h a t  
approach speeds w i l l  be low, t h e  accompanying drag cha rac t e r i s t i c s  would 
require increased t h r u s t  with decreased airspeed when t h e  a i r c r a f t  i s  con- 
s t ra ined t o  a spec i f ic  approach f l i g h t  path.  Experience with t h i s  speed-thrust 
i n s t a b i l i t y  problem i n  a number of mi l i ta ry  a i r c r a f t  cannot be applied d i r ec t ly  
t o  the  supersonic t ransport  because of t he  s ign i f icant ly  d i f fe r ing  operational 
requirements. There are a l so  indicat ions t h a t  high-speed performance consider- 
a t ions  m y  d i c t a t e  use of an SST geometry which has low s t a t i c  longitudinal 
s t a b i l i t y  at landing-approach speeds. 

Two 
(1) sluggish 

It is  the  in ten t  of t h i s  invest igat ion t o  examine these f ac to r s  s ingly and 
in combination. 
i t i e s  f romthose  of t h e  current j e t  t ransport  would be acceptable f o r  normal 
operation of t he  supersonic t ranspor t .  I f ,  t o  meet t h i s  requirement, black 
box" solutions are indicated,  t h e i r  acceptance w i l l  depend t o  a large degree on 
t h e  severi ty  of t h e  consequences of failure of t he  automatic equipment. There- 
fore ,  it i s  necessary t o  define not only t h e  hm-dling qua l i t i e s  requirements 
for normal operation, but a l s o  those considered acceptable i n  the  emergency 
condition of augmenter f a i l u r e .  

It i s  generally agreed t h a t  no degradation of handling qual- 
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This study included the  use of a v i sua l  simulator, which by means of a 
te lev is ion  camera, a runway model, and a project ion system, provides the simu- 
l a t o r  p i l o t  with a r e a l i s t i c  view of t he  runway t h a t  accurately r e f l e c t s  t he  
motions of h i s  simulated airplane.  'Be v a l i d i t y  of r e s u l t s  obtained i n  t h i s  
f ixed-cockpit simulator w a s  investigated by a comparison of f l i g h t  and 
simulator landing-performance measurements. 

NOTATIOD 

- I C 2  dy 

s c  dY 
c wing mean aerodyxamic chord, Y ft  

c, drag drag coeff ic ient  , - 
ClS 
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l i f t  l i f t  coeff ic ient ,  - 
qs 

l i f t  coef f ic ien t  i n  t h e  absence of ground plane influence 

pitching-moment coef f ic ien t ,  pitching moment 
qSF 

aa 
longi tudinal  s t a b i l i t y  derivative,  - ac, , per  radian 

control  power der ivat ive,  - , per inch 
as 

pitching moment of i ne r t i a ,  s lug-f t2  

SE hs , radians/sec/in.  
=Y 

dynamic pre s sure, lb/f  t 

wing area,  sq f t  

t h rus t ,  l b  

airspeed, knots 

airplane landing weight, l b  

angle of a t tack  of fuselage reference l i n e ,  radians or  deg 

longi tudinal  cont ro l  column deflect ion,  i n .  

longi tudinal  short  -period damping rat io  

undamped longi tudinal  short  -period frequency, radia..ns/sec 

TEST EQUIPMENT 

Simulator 

The simulator w a s  designed t o  present t he  p i l o t  with e s sen t i a l  elements 
of t he  t a sk  of performing an ILS approach and landing under minimum v i s i b i l i t y  
conditions.  The t ransport  -type cockpit ( f i g  . 2)  w a s  equipped with normal 
f l i g h t  controls and a f l i g h t  instrument display representative of those found 
i n  current t ransport  a i r c r a f t .  The simulator did not incorporate cockpit 
motion. Control forces  were provided by springs and dampers, and thus were 
functions of control  displacement and r a t e  only. Control c o l m  t r a v e l  and 
cont ro l  force gradient a r e  defined i n  t ab le  I. The general  purpose analog 
computer used with the  simulator w a s  programed with the  equations of six 
degrees of motion freedom. 

3 



The v i sua l  simulation equipment ( f i g .  3) w a s  designed by the  Dalto 
Corporation f o r  use with operational f l i g h t  t r a i n e r s .  
runway, a t  a scale  of 300 t o  1, were moved on a be l t  toward a te lev is ion  camera 
which w a s  servo-driven i n  the  other f i v e  degrees of freedom. -With t h i s  model 
scaling, t he  maximum v i s i b i l i t y  range w a s  3,000 feet ,  and the  maximum v i sua l  
excursions f r o m  the  runway center l i ne  were 400 feet  v e r t i c a l l y  and l a t e r a l l y .  
The resu l tan t  approach scene w a s  presented t o  t h e  p i l o t  by means of t e l ev i s ion  
projection on a screen mounted 12 f e e t  forward of t h e  cockpit, providing a 
horizontal  f i e l d  of view of 45'. The 
picture ,  obtained a f t e r  some experimentation with l igh t ing  t o  provide the  maxi- 
mum v i s i b i l i t y  of t he  runway, most c losely resembled a landing at 'dusk i n  th i ck  
haze. Approach and runway l ight ing,  t he  runway surface,  and the  horizon are 
shown i n  a view looking through the  windshield i n  f igure  2 .  

Approach l i g h t s  and a 

A standard 525 l i n e  TV system w a s  used. 

T e s t  Configurations 

 reference^ a i rp lane .  - For purposes of simulator val idat ion,  a simulation of 
t he  Boeing 707-320 airplane w a s  included i n  the  t es t s .  Considerable service 
landing performance da ta  were available f o r  t h i s  type of a i r c r a f t  f o r  compara- 
t i v e  purposes ( r e f s .  2 and 3 ) .  Also ,  it w a s  f e l t  t h a t  the  longi tudinalhan-  
dl ing qua l i t i e s  of t h i s  a i r c r a f t ,  as represented on the  simulator, would 
provide an appropriate reference from which t o  evaluate the  charac te r i s t ics  of 
t he  SST configurations.  The dynamic behavior of t h e  707, as determined from 
f l i g h t  measurements, w a s  f a i t h f u l l y  represented by means of t h e  computer. 
Control forces  experienced by t h e  p i l o t  were, however, an approximation of 
those in  the  airplane,  since the  feedback of aerodynamic forces  from the  con- 
t r o l  surfaces could not be represented exactly with only the  spring-damper 
system used i n  the  simulation. 

r t . -  The supersonic t ranspor t  considered i n  the  program 
w a s  the  delta-winged airplane with a canard cont ro l  surface t h a t  i s  shown i n  
f igure  1. It should be pointed out t h a t  t he  SST described here w a s  a p a r t i c -  
u l a r  design; however, the  weight, length, and pitching moment of i n e r t i a  a re  
representative of a range of SST designs.  Two values of speed-thrust s t a b i l i t y  
used f o r  the  SST simulation corresponded t o  appropriate values of wing inc i -  
dence, f l a p  def lect ion,  and minimum drag coef f ic ien t  . 
varied with f l a p  def lect ion i n  order t o  prevent t h e  introduction of a var ia t ion  
i n  fuselage a t t i t u d e  a t  touchdown. The l i f t  and drag charac te r i s t ics  of the  
707 and two SST configurations are presented i n  f igu res  4 and 5 ,  respectively,  
and t h e  resu l tan t  var ia t ions  of t h rus t  required with approach airspeeds a re  
shown i n  f igure 6. The high thrus t  l eve ls  shown f o r  t he  SST r e f l e c t  t h e  l o w  
lift -to-drag r a t i o  of t he  low-aspect-ratio wing, but most s ignif icant  i s  the  
difference i n  the  slope of t he  curves a t  the  approach speed f o r  the  SST con- 
f igurat ions and f o r  t he  707. 
seen t h a t  a t  a selected approach speed of 140 knots t h e  th rus t  required 
increases as speed decreases, thereby producing a speed divergence if the  a i r -  
c r a f t  i s  held t o  a f ixed f l i g h t  path.  
slope.  
shown f o r  the  707. 

Wing incidence w a s  

For the  configuration designated SST A, it can be 

SST B exhib i t s  an essent ia l ly  neu t r a l  
The more conventional s tab le  var ia t ion  of t h r u s t  required with speed i s  



The other var iables  assumed f o r  the  SST are  l i s t e d  i n  t ab le  11. A t o t a l  
of nine combinations of var iab les  w a s  included i n  at  l e a s t  par t  of t h e  t e s t s .  
The values of % correspond t o  s t a t i c  margins of 8, 4, and O percent. TWO 
values of cont ro l  s ens i t i v i ty ,  ME, w e r e  considered, and were intended t o  
r e f l e c t  differences i n  t h e  s i ze  of t h e  longi tudinal  cont ro l  surfaces , which 
would depend t o  some extent on the  maximum s t a t i c  margin f o r  which the  airplane 
w a s  designed. Hatural frequency and danrping r a t i o  (a t  t h e  approach speed) , 
which are  shown i n  t h e  remaining columns, are descr ipt ive of t he  longitudinal 
dynamics of t h e  a i r c r a f t .  It can be noted t h a t  while t h e  charac te r i s t ics  of 
SST configuration B1 do not d i f f e r  grea t ly  from those of t he  707, the  other 
configurations include lower na tu ra l  frequencies and lower control  s e n s i t i v i t y  
as w e l l  as speed-thrust i n s t a b i l i t y .  Since t h e  object ives  of these tests were 
l imited t o  the  study of longi tudinal  charac te r i s t ics  , l a t e ra l -d i r ec t  ional  han- 
dl ing qua l i t i e s  were set at  a sa t i s fac tory  level .  The e f f e c t s  on l i f t  and 
pi tching moment of t he  presence of t h e  ground, as simulated f o r  t he  t e s t  con- 
f igurat ion,  are shown i n  f igure  7. For a l l  of t he  tests,  engine th rus t  
response t o  t h r o t t l e  movements included a f i r s t -o rde r  time constant of 
1 . 3  seconds. 

TESTS EVALUATIONS 

The tes t  program w a s  conducted in two' phases. Init ially,  a l l  of t he  t e s t  
configurations were subjectively evaluated by t h e  p i l o t s  i n  a simulation of a 
minimum v i s i b i l i t y  ILS approach, from intercept ion of t h e  gl ide path t o  landing. 
The second phase involved a more c r i t i c a l  look at the  climax of t he  maneuver, 
t h e  f l a r e  and touchdown. For t h i s  phase of t h e  t e s t s ,  measurements of landing 
performance were the  primary evaluation c r i t e r i o n .  

Three NASA p i l o t s  and one FAA p i l o t  contributed t o  t h i s  program. A l l  were 
experienced t e s t  p i l o t s  , but they had widely d i f f e ren t  experiences with large 
t ransport  a i r c r a f t .  Fl ight  and simulator experience of these p i l o t s  i s  
included i n  t ab le  IT. Each had the  opportunity t o  f a m i l i a r i z e  himself t ho r -  
oughly with the  operation of t he  simulator with 707 charac te r i s t ics  represented. 
The SST configurations were presented t o  the  p i l o t s  i n  varying order t o  avoid a 
u n i f o r m  e f f ec t  of learning on t h e i r  evaluations.  Each configuration change 
presented t o  the  p i l o t  involved a change of only one of t h e  var iab les .  The 
p i l o t s  were asked t o  assign a numerical r a t ing  of t he  longitudinal handling 
qua l i t i e s  t o  each configuration i n  accordance with the  schedule shown i n  
t a b l e  111. 
v i s i b i l i t y  instrument approach and landing using standard ILS  guidance. The 
last c o l m  of t h i s  r a t ing  schedule 
v i s u a l  approach conditions.  

In t h i s  scheduleJfrprimary mission" r e f e r s  t o  the  complete minimum- 

f r  can be landed'' r e f e r s  t o  a landing under 

Instrument Landing Approach 

The first simulated t a s k  consisted of intercept ing t h e  ILS f l i g h t  path 
from l e v e l  f l i g h t  a t  1,500 feet  a l t i t ude  with an i n i t i a l  lateral  off se t .  The 
approach w a s  continued u n t i l  v i s u a l  contact w a s  made with the  runway at  about 
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200-feet a l t i t ude ,  and then a landing w a s  performed. 
knots were included in a majority of t he  approaches t o  increase the  realism of 
the  t a sk .  

Crosswinds up t o  10 

It w a s  expected at  t h e  inception of t h i s  program t h a t  the  ILS approach 
task would be su f f i c i en t ly  demanding t h a t  var ia t ions  i n  p i l o t  opinion would be 
accompanied by s igni f icant  differences i n  glide-path tracking performance. 
performance parameter w a s  devised, and a large number of approaches were "flown" 
by one p i l o t .  
performance; however, as i n  many previous e f f o r t s  at correlat ion of p i l o t  
opinion and performance, measured differences were s m a l l .  For t he  remainder of 
t he  tests, it w a s  decided t o  forego fu r the r  performance measurements i n  t h e  
ILS t a sk .  

A 

The r e s u l t s  ( ref .  4) gave a l i m i t e d  correlat ion of opinion and 

Flare  and Touchdown 

I n i t i a l l y ,  it w a s  desired to obtain evidence t o  indicate t h a t  with the  
simulation of t he  707 a i r c r a f t  t he  landing maneuver could be performed with 
reasonable f a c i l i t y  and i n  a manner analogous to f l i g h t .  h the  f e w  seconds 
of t he  f i n a l  v i s u a l  portion of a m i n i "  v i s i b i l i t y  landing, t he  p i l o t  has a 
f i r m ,  single-minded objective - to h i t  a pa r t i cu la r  portion of the runway as 
sof t ly  as possible .  If it i s  assumed t h a t  f o r  these f e w  seconds the  p i l o t  i s  
operating t o  h i s  m a x i m u m  capacity as a cont ro l  element, measurements of h i s  
performance i n  t e r m s  of touchdown r a t e  of descent and dispersion along t h e  
runway should r e f l e c t  t h e  effect iveness  of t h e  simulation and the  r e l a t ive  han- 
dl ing qua l i t i e s  of various simulated a i r c r a f t .  Touchdown performance measure- 
ments have been obtained f o r  current j e t  t ranspor t s  i n  a i r l i n e  service ( r e f s .  4 
and 5 )  and include the r e s u l t s  of hundreds of landings. These data are  con- 
sidered a va l id  basis of comparison for evaluation of t he  simulated landing 
performance . 

Three of t he  SST s t a b i l i t y  and control  configurations were considered i n  
the  landing tes t s .  These were chosen from t h e  l e s s  sa t i s fac tory  combinations 
i n  order t h a t  t he  grea tes t  number of po ten t i a l  problems might be exposed with 
a reasonable amount of t e s t i n g .  They were (table 11) configurations 
B3 ([a(T/W)]/&=O, aCm/aCL =0.04), A3 ([a(T/W)]/aV= -0.0012, a%/aCL= 0.04), 
and ~5 ([~(T/w)I/~v = -0.0012, awaa = 0 1 .  

The simulated landing approaches were initiated at  an a l t i t ude  of 500 feet. 
Random s m a l l  o f f s e t s  from the  ILS gl ide path (100 feet  l a t e ra l ly ,  50 f e e t  
ve r t i ca l ly )  were programed i n  the  s t a r t i n g  conditions i n  m e f f o r t  t o  simulate 
the  s m a l l  dispersions t h a t  would normally ex i s t  a t  t h i s  point i n  a v i sua l  
approach, and a " f l i gh t  director"  presentation w a s  used t o  t he  "break out" 
a l t i t ude  of 200 f e e t  t o  provide f l igh t -pa th  guidance of at l ea s t  the  qua l i ty  
afforded by v i sua l  cues under conditions of good v i s i b i l i t y .  No specif ic  
touchdown t a rge t  point w a s  presented; however, t h e  ILS gl ide path to which t h e  
p i l o t  w a s  control l ing while on instruments w a s  adjusted to in te rsec t  t he  run- 
way a t  a point 600 feet  beyond t h e  runway threshold,  instead of t he  normally 
greater distance,  i n  order to approximate more closely t h e  good v i s i b i l i t y  
f l i g h t  path.  
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RESULTS AND DISCUSSION 

P i l o t  acceptance of the  landing simulation and some i n i t i a l  experiences 
with the  equipment a re  discussed i n  an appendix t o  t h i s  paper. However, at  
t h i s  point it should be s t a t ed  t h a t  a l l  of t he  p i l o t s  found it d i f f i c u l t  t o  
perform landings at  t h e i r  f i r s t  experience with the  simulator. The t e s t  r e su l t s  
presented i n  t h i s  paper represent capab i l i t i e s  of t he  p i l o t s  a f t e r  each had 
accommodated t o  the  simulation. A t  t h i s  time, the  p i l o t  f e l t  t h a t  h i s  perform- 
ance w a s  consis tent ,  and the  realism of t he  t a sk  was su f f i c i en t  t o  demonstrate 
the  normal landing parameters. 

Instrument Landing Approach 

Reference airplane.-  From f l i g h t  experience with 707 type a i r c r a f t ,  the  
low-speed longi tudinal  handling q u a l i t i e s  were assigned a p i l o t  opinion r a t ing  
of 3, or Satisfactory,  with some mildly unpleasant cha rac t e r i s t i c s  .I1 Contri- 
buting t o  the  "mildly unpleasant charac te r i s t ics"  i s  a sluggishness in p i t c h  
which i s  a normal consequence of the  a i r c r a f t ' s  s i ze  and weight. This r a t ing  
w a s  generally confirmed on the  simulator, and formed the  bas i s  f o r  comparison 
on which ra t ings  f o r  t he  SST configurations were made. P i l o t  opinion ra t ings  
f o r  a l l  the  SST combinations t e s t ed  a re  summarized i n  f igure  8 and are  
discussed below. 
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eed-thrust  s t a b i l i t y . -  For a l l  of t he  combinations of s t a t i c  margin and 
c o n t r z  s e n s i t i v i t y  t e s t ed ,  varying the  parameter a(T/W>/& from 0 t o  -0.0012 
caused an average increase i n  p i l o t  r a t ing  of about one r a t ing  number. In a l l  
cases the  degradation w a s  severe enough t o  make the  longi tudinal  cont ro l  
cha rac t e r i s t i c s  unacceptable f o r  normal operation ( p i l o t  r a t ing  grea te r  than 
3- l /2) .  
a s m a l l  but d i s t i n c t  t a sk  t o  h i s  normal heavy workload i n  the  instrument 
approach. It should be noted t h a t  speed-thrust i n s t a b i l i t y  w a s  ra ted  only 
a f t e r  t he  p i l o t  had optimized h i s  technique f o r  speed cont ro l .  For the  two 
p i l o t s  who had not experienced t h i s  cha rac t e r i s t i c  i n  f l i g h t ,  it presented a 
ser ious cont ro l  problem u n t i l  they became fami l ia r  with it. The magnitude of 
t he  increase i n  p i l o t  r a t ing  number accompanying the  change i n  
from 0 t o  -0.0012 agrees wel l  with t h e  r e s u l t s  of simulator and f l i g h t  s tudies  
reported in  references 5 and 6, which include p i l o t s '  assessments of a wide 
range of speed-thrust s t a b i l i t y  cha rac t e r i s t i c s  i n  a s m a l l  delta-winged 
airplane in  a landing-approach t a s k .  

The p i l o t s  observed t h a t  t h i s  l e v e l  of speed-thrust i n s t a b i l i t y  added 

a(T/W)/aV 

S ta t i c  margin.- For constant values of t he  other  parameters of t he  t e s t s ,  
reducing the  s t a t i c  margin from 8 t o  4 percent did not adversely a f f ec t  t he  
p i l o t  r a t ing  ( f i g .  8),  but reducing it t o  zero w a s  detrimental  t o  the  handling 
q u a l i t i e s  of t he  simulated a i r c r a f t .  In view of the  r e l a t i v e l y  s m a l l  d i f f e r -  
ences i n  the  short  period dynamic cha rac t e r i s t i c s  accompanying these changes i n  
s t a t i c  margin ( t a b l e  11), it would appear t h a t  the  p i l o t s '  r a t ings  r e f l e c t  t he  
influence of s t a t i c  s t a b i l i t y  on speed cont ro l .  The e f f e c t  of neu t r a l  s t a t i c  
s t a b i l i t y  i s  t o  eliminate the  speed e r r o r  cues which normally stem from out -of - 
trim cont ro l  forces .  



Control s ens i t i y i ty . -  The reduction in Mg from 0.020 to 0.011, a value 
f o r  which it i s  s t i l l  possible t o  trim t h e  a i r c r a f t  i f  t he  s t a t i c  margin is  
4 percent or less, resu l ted  i n  a degradation of p i l o t  r a t ing  at a s t a t i c  margin 
of 4 percent ( f i g .  8 ) .  
of Mg of 0.020, which approximates t h a t  of t he  707, approaches t h e  lower 
l i m i t  of desirable  cont ro l  s e n s i t i v i t y  f o r  t he  conditions of these tes ts .  
ever, as shown i n  figure 8, p i l o t s  B and D preferred the  lower cont ro l  sensi-  
t i v i ty  at  t h e  condition of neu t r a l  static s t a b i l i t y  and speed-thrust i n s t ab i l -  
i t y .  
led to disturbing inadvertent p i t ch  inputs during l a t e r a l  maneuvering. One 
might speculate t h a t  lack of cockpit motion influenced t h i s  judgment since real 
angular accelerat ion cues would be expected to reduce inadvertent contTol inputs. 

A consensus of p i l o t  comment indicated t h a t  t he  value 

How- 

Their comments indicated t h a t  they f e l t  t he  higher cont ro l  s e n s i t i v i t y  

F l igh t  d i r ec to r  display.-  During t h e  course of these tests,  several  p i l o t s  
were given t h e  opportunity t o  perform approaches with a f l i g h t  d i rec tor  display 
instead of t h e  conventional ILS  display.  
reduced to t h a t  of p i t ch  and roll a t t i t u d e  tracking, t he  p i l o t s  had l i t t l e  
d i f f i c u l t y  performing sa t i s fac tory  approaches with even the  poorest configura- 
t i o n .  A s  a resul t  of t he  reduced p i l o t  workload f o r  f l i gh t -pa th  tracking, much 
more e f f o r t  could be devoted to speed control .  Also ,  t h e  improved f l igh t -pa th  
tracking resul ted i n  reduced speed per turbat ions.  The p i l o t s  f e l t  t h a t  with 
f l i g h t  d i rec tor  guidance,- t he  d i f f i c u l t y  of t h e  landing approach t a s k  did not 
change markedly over t he  ranges of parameters considered i n  t h e  tes ts .  It thus 
appears t h a t  t h i s  type of display might be used t o  land a i r c r a f t  with unsat is-  
factory handling qua l i t i e s  i n  t h e  event of f a i l u r e  of s tabi l i ty  augmentation 
equipment . 

With the f l ight-path control  task  

In summary, t he  r e s u l t s  derived f r o m  t h e  instrument f l i g h t  portion of t he  
landing approach task  lead t o  t h e  following conclusions. Speed-thrust ins ta -  
b i l i t y  is  not acceptable f o r  normal operation of t ransport  a i r c r a f t ,  but may be 
acceptable f o r  emergency operation. Posi t ive s t a t i c  s t a b i l i t y  is  required, but 
probably more f o r  speed trim cha rac t e r i s t i c s  than for dynamic response. 
control  s e n s i t i v i t y  of a t  l ea s t  t he  order of t h a t  of t h e  707 airplane i s  
desired.  

Pi tch 

Flare  and Touchdown 

Simulator va l ida t  i sn  . - Landing-performance measurements f o r  160 landings 
with the  707 a i r c r a f t  charac te r i s t ics  simulated are compared with f l i g h t  
measurements i n  figure 9. These da ta  are shown as the  probabi l i ty  of equaling 
or exceeding a given value of v e r t i c a l  veloci ty ,  and a given distance beyond 
the  threshold a t  touchdown. The f l i g h t  data ,  taken i n  good v i s i b i l i t y  condi- 
t i ons  ( r e f .  3 ) ,  are representative of two of t he  la rges t  tu rboje t  t ransports ,  
including the  707-320. These da ta  a re  subject t o  a l l  of t he  conditions of 
normal a i r l i n e  landings, including var ia t ions  i n  weight, center-of -gravity 
posit ion,  and p i l o t  experience; whereas t h e  weight and c.g. posi t ion of t he  
simulated airplane were not var ied.  In  view of - the  differences,  
reason t o  expect less than per fec t  cor re la t ion  between simulator 

there  w a s  
and f l i g h t  
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measurements, but it w a s  f e l t  t h a t  at  least f i r s t -o rde r  agreement should be 
obtainable with any simulation t h a t  represents t he  important cha rac t e r i s t i c s  
of t he  landing maneuver. 

The r e su l t s ,  pa r t i cu la r ly  the  touchdown rate-of -descent measurements, 
show good agreement. A mean value of 2.0 f e e t  per second w a s  obtained on the  
simulator, and a value of 1.9 f e e t  per second w a s  measured i n  f l i g h t .  A t  t h e  
lower probabi l i t i es ,  t he  d i spa r i ty  w a s  s l i g h t l y  grea te r .  The 1-in-10 value 
from the  simulator w a s  3.4 f e e t  per second as compared with 3.0 f e e t  per second 
i n  f l i g h t .  
landings w a s  4.8 f e e t  per second. 
highest value recorded w a s  4.0 f e e t  per second. 

The highest v e r t i c a l  ve loc i ty  recorded on the  simulator from 160 
From a t o t a l  of 215 a i r l i n e  landings, t he  

The touchdown point measurements shown i n  f igure  9 do not show such good 
agreement; simulator landing dis tances  averaged 1000 f e e t  greater  than those 
measured i n  f l i g h t .  I n i t i a l l y ,  some concern w a s  f e l t  t h a t  dispersion indicated 
t h a t  the  simulator p i l o t ,  i n  an e f f o r t  t o  obtain low v e r t i c a l  ve loc i t i e s  a t  
touchdown, w a s  compensating f o r  poor v i s u a l  cues by s t a r t i n g  h i s  f l a r e  prema- 
tu re ly  and establ ishing l o w  sink rates long before touchdown. 
data  did not contain information regarding f l i g h t  path p r io r  t o  touchdown; how- 
ever, an FAA publication, reference 7, w a s  found t o  contain f l igh t -pa th  measure- 
ments of 183 j e t  t ransport  landings, again under good v i s i b i l i t y  conditions.  A 
descr ipt ion of the  mean f l a r e  path, i n  terms of v e r t i c a l  ve loc i ty  versus wheel 
a l t i t ude ,  f o r  t he  simulated landings, i s  compared with t h a t  from the  f l i g h t  
measurements i n  f igure  10. Again, t h e  r e s u l t s  were encouraging, with t h i s  
evidence indicating t h a t  t he  p i l o t s  were conducting t h e i r  simulated flares in a 
manner s imilar  t o  f l i g h t .  A p a r t i a l  explanation f o r  t he  long landings on t h e  
simulator i s  t h a t  t he  v i s i b i l i t y  conditions presented on t h e  simulator induced 
the  p i l o t  t o  shallow h i s  f l i g h t  path s l i gh t ly ,  as soon as he attempted t o  
e s t ab l i sh  h i s  v i sua l  cues a t  an a l t i t u d e  of about 200 f e e t .  M e a n  a l t i t ude  over 
t he  runway threshold on the  simulator w a s  35 f e e t  compared w i t h  18 f e e t  f r o m  
the  f l i g h t  measurements . 

The NASA f l i g h t  

While these observations account f o r  the  major pa r t  of t he  d i spa r i ty  
between simulator and f l i g h t  measurements of landing distances,  there  i s  ev i -  
dence t h a t  a simulation problem i s  re f lec ted  in  these da ta .  The records show 
a tendency t o  " f l o a t "  excessively between e s sen t i a l  completion of t he  f l a r e  
and touchdown. The lack of resolut ion i n  the  v i sua l  presentation of t he  near 
surface of the  runway probably forces  the  p i l o t  t o  "feel" f o r  t he  runway i n  the  
last few f e e t  of descent as he might i n  a night landing without landing l i g h t s .  

A time h is tory  of per t inent  quant i t ies  measured during the  performance of 
a simulated landing with the  707 configuration i s  presented i n  f igure  11. 
Descriptive of t he  nature of t h e  longi tudinal  cont ro l  task are the  r e l a t ive ly  
large amplitudes of t he  higher frequency components (0 .5  t o  1 .0  cycle per 
second) of t he  control  inputs compared with those of t he  low frequency, o r  
trimming inputs .  
very t i g h t  cont ro l  of h i s  p i t ch  a t t i t ude ,  and dr ives  the  a i r c r a f t  in p i t ch  at  
frequencies wel l  above the  short  -period na tura l  frequency of t he  a i r c r a f t  
(0.16 cycle per  second). 
p i t c h  damping tend t o  become more s igni f icant  t o  t h e  p i l o t  than does s t a t i c  

A t  t h i s  c r i t i c a l  phase of f l i g h t ,  t he  p i l o t  i s  exercising 

In t h i s  mode of control,  control  s e n s i t i v i t y  and 
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margin. Another i t e m  of interest i s  the  var ia t ion  of v e r t i c a l  veloci ty  w i t h  
time, indicat ing the  very small incremented normal accelerat ion experienced in 
a normal landing f l a r e ,  i n  t h i s  case, 2 f e e t  per sec2. The cont ro l  of t h r u s t  
is  t y p i c a l  f o r  t h e  landings of t h i s  configuration from an approach speed of 
132 knots (1.3 t i m e s  t he  stall  speed). 
reductions un t i l  t h e  f l a r e  w a s  e s sen t i a l ly  completed. 

The p i l o t  hes i ta ted  t o  make large power 

The r e s u l t s  of t h e  simulator va l ida t ion  tes ts  with t h e  707 configuration, 
both the  measurements and t h e  p i l o t  acceptance, indicated t h a t  t h e  simulation 
meets t h e  objective of providing a usefu l  research t o o l .  These r e s u l t s  a l so  
provide a f i r m  basis of comparison f o r  t h e  landing-performance da ta  from t h e  
SST configurations . 

SST land-ings . - Factors such as speed-thrust i n s t a b i l i t y  and low s t a t i c  
margin d id  not have a f i r s t -o rde r  e f f ec t  on conditions at the  i n i t i a t i o n  of t he  
f l a r e  because t h e  landing runs were i n i t i a t e d  under controlled conditions at 
the  low a l t i t u d e  of 500 f e e t ,  and t h e  p i l o t  used a f l i g h t  d i rec tor  display t o  
cont ro l  h i s  descent t o  v i s u a l  contact.  This procedure served t h e  objective of 
t he  tests, which w a s  t o  assess the  e f f e c t s  of t he  cont ro l  charac te r i s t ics  and 
t h e  extreme cockpit location on the  flare and touchdown maneuver. The p i l o t s  
had experienced t h e  handling cha rac t e r i s t i c s  of t he  SST configurations during 
the  ILS  approach phase of t he  study. As  a r e su l t ,  very l i t t l e  landing pract ice  
f o r  fami l ia r iza t ion  w a s  required.  A t o t a l  of 310 landings were recorded with 
the  SST configurations; 240 of them by p i l o t s  A and B. 
landing tests can be succinctly summarized with the  observations t h a t  t he  d i f -  
ferences i n  SST configuration had l i t t l e  e f f ec t  on t h e  performance of t he  flare 
and touchdown maneuver, i n  t e r m s  of e i t h e r  p i l o t  comment o r  measured perform- 
ance, and t h a t  t he  SST configurations w e r e  landed with much the  same f a c i l i t y  
as the 707 simulation. The 707 and cumulative SST performance measurements a re  
compared i n  f igure  12. The data f o r  t he  SST configurations represent t he  emu- 
l a t i v e  performance of a l l  four p i l o t s  with the  performances of p i l o t s  C and D 
weighted as though they had par t ic ipa ted  equally with p i l o t s  A and B. !The d i f -  
ferences i n  the  measured performances f o r  the 707 and SST configurations cannot 
be considered s ign i f i can t .  Figure 13 shows no evidence of s ignif icant  perform- 
ance differences between individual SST configurations i n  these data, pa r t i c -  
u l a r ly  when it i s  remembered t h a t  each da ta  sample represents,  at  most, 40 

The r e s u l t s  of these 

landings. 

Figure 14 shows a comparison of t he  mean flare f l i g h t  paths f o r  t he  707 
and the  SST configurations.  There i s  l i t t l e  evidence t h a t  t he  cockpit location 
with respect t o  the  wheels a f f e c t s  t h e  f l a r e .  
touchdown data, would indicate t h a t  t h e  p i l o t ' s  judgment of height and height 
r a t e  does not suffer s igni f icant ly  at the  increased cockpit a l t i t ude  of t he  SST. 

The data i n  f igure  14, with t h e  

P i l o t s '  comments regarding comparative handling qua l i t i e s  did not contra- 
d i c t  t h e i r  measured performances. 
control  sens i t iv i ty ,  but t he  condition t e s t ed  w a s  not considered l imit ing.  A 
consensus of observations would indicate  t h a t  t he  lift -drag charac te r i s t ics  of 
t he  SST, which reduced the  "floating" tendency and induced a more posi t ive 
touchdown, compensated f o r  any d i f f i c u l t y  caused by t h e  cockpit location. 
Neutral s t a t i c  s tabi l i ty  caused no t rouble  at  a l l  f o r  p i l o t  A; p i l o t  B stated 

There w a s  a unanimous des i re  f o r  higher 
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he w a s  disturbed by t h i s  fac tor ,  and h i s  performance provided supporting 
evidence (configuration A5, f i g .  1.3). In t h e  opinion of t h e  p i lo t s ,  t h e  
e f f e c t s  of a l l  the  var iables  considered in t h e  t e s t s  were minimized i n  the  
v i sua l  f l i g h t  t a sk .  

Preliminary r e s u l t s  from t h i s  landing study ( r e f s .  8 and 9)  showed a 
s igni f icant  decrease i n  landing performance f o r  t h e  SST, which is  contradictory 
t o  t h e  r e s u l t s  reported i n  t h i s  paper. The conclusions a r i s ing  from these data, 
though qual i f ied  by t h e i r  preliminary nature, were supported by the  f a c t  t h a t  
they agreed with t h e  preconceptions of t h e  magnitude of t h e  control  problems. 
These r e s u l t s  w e r e  influenced by inaccurate simulator performance, and a lack 
of suff i c  i en t  p i l o t  par t ic ipa t ion .  

CONCLUDING REMARKS 

Several general  observations can be made from t h e  simulator tests of 
longi tudinal  s t a b i l i t y  and cont ro l  parameters per t inent  t o  t h e  low-speed opera- 
t i o n  of t he  supersonic t ranspor t .  For t h e  ranges of cont ro l  parameters consid- 
ered, no severe cont ro l  problems w e r e  encountered, although it w a s  possible t o  
define t h e  majority of conditions t e s t e d  as being unsat isfactory f o r  normal 
a i r l i n e  operation. Even t h e  most ob?jectionable combination of parameters 
t e s t ed ,  speed-thrust i n s t a b i l i t y  of -0.0012, and neu t r a l  s t a t i c  s t a b i l i t y ,  w a s  
considered acceptable i n  an emergency. Surprisingly, t he  great  distance 
between the  cockpit and the  wheels of t h e  SST f a i l e d  t o  present a problem t o  
t h e  p i l o t  i n  the  f l a r e  and touchdown. 

Th.e degree of cor re la t ion  with f l i g h t  performance obtained with the  
simulation of t h e  707 a i r c r a f t  enhances t h e  significance of SST handling 
qua l i t i e s  evaluations, but it should be remembered t h a t  t h i s  correlat ion,  and 
the  subsequent evaluations, depended largely on the  considerable f l i g h t  and 
simulator research experience of t h e  t es t  p i l o t s  involved, and t h e i r  
appreciation of the  object ives  of t he  t e s t s .  

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field,  C a l i f  ., Jan. 21, 1964 
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COMMENTS ON SIMULATOR EFFECTIVENESS 

A l l  of t h e  p i l o t s  who "flew' '  t he  v i s u a l  landing simulation i n i t i a l l y  had 
some degree of d i f f i c u l t y  performing t h e  landing maneuver. With the  art if i-  
c i a l i t i e s  inherent i n  the  simulation, it w a s  expected t h a t  t he  p i l o t s  would 
require some t r a in ing  t o  adapt t o  the  simulator, but t h e  nature and the pers i s t -  
ence of t h e  d i f f i c u l t i e s  were not an t ic ipa ted .  The experienced t e s t  p i l o t s  
required up t o  10 hours of pract ice  with t h e  equipment t o  a t t a i n  a s tab i l ized ,  
r e a l i s t i c  l eve l  of landing performance. For t e s t s  such as those reported i n  
t h i s  study, f l i g h t  -simulator correlat ions and the  use of simulator-trained 
p i l o t s  can provide the  necessary confidence in t h e  r e su l t s ,  but f o r  Putme 
experiments involving vehicle dynamics further removed from the  p i l o t ' s  f l i g h t  
experience, there  i s  the  danger t h a t  d i f f i c u l t i e s  a r i s ing  from the  p i l o t ' s  
inexperience with simulator cha rac t e r i s t i c s  might be interpreted as a r i s ing  
from the  charac te r i s t ics  of t h e  vehicle being simulated. Thus, it i s  f e l t  t h a t  
greater  understanding of t he  f ac to r s  contributing t o  the extensive adaptation 
requirements w i l l  lead t o  even more e f fec t ive  use of t h i s  type of simulation. 
Although these f ac to r s  are not yet  c l ea r ly  defined, two cha rac t e r i s t i c s  of t h e  
simulation undoubtedly contribute t o  t h e  p i l o t  s i n i t i a l  performance problems, 
def ic iencies  i n  t h e  v i sua l  presentation and lack of cockpit motion. 

VISUfYG PRESENTATION 

The deficiencies  of t he  v i s u a l  presentation a re  those associated with 
(1) the  lack of resolut ion inherent i n  t e l ev i s ion  projection, and ( 2 )  lack of 
per ipheral  v i sua l  cues. Di f f icu l ty  i n  judging height j u s t  p r io r  t o  touchdown 
apparently p e r s i s t s  f o r  some p i l o t s ,  though others  s e e m  to compensate f o r  lack 
of surface d e t a i l ,  w i t h  cues from t h e  runway geometry. There i s  a tendency t o  
complain of a lack of normal a t t i t u d e  sensing, due t o  t h e  r e s t r i c t ed  v i sua l  
f i e l d ;  however, f l i g h t  t e s t s  have indicated t h a t  f i e l d  r e s t r i c t i o n s  of t h i s  
magnitude do not reduce the  p i l o t ' s  ab i l i ty  t o  perform landings. 

COCKPIT MOTION 

There a re  reasons t o  suspect t h a t  t h e  absence of cockpit accelerat ions i s  
the  primary cause of t he  p i l o t ' s  i n i t i a l  confusion. The simulation uses out- 
side world v i sua l  cues t o  present t o  the  p i l o t  a demanding six-degree-of- 
freedom t a s k .  The realism of t h i s  t a s k  cas1 be expected t o  pronpt re l iance on 
f l i g h t  conditioned reflexes,  including those which involve vehicle accelera- 
t i o n s .  Ln a sense, then, a p i l o t  i n  t h e  fixed-cockpit simulator i s  i n i t i a l l y  
analogous t o  a complex servo system in which some of t he  e r ro r  sensors and 
s t ab i l i z ing  feed-back loops have been removed. This analogy is  reinforced by 
examination of t h e  cont ro l  inputs during a p i l o t ' s  early experience which 
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indicates  un rea l i s t i c  overcontroll ing tendencies. The attainment of r e a l i s t i c  
performance i n  the  simulated landing t a sk  is  a measure of t he  reestablishment 
of these "servo loops" by means of v i s u a l  information only. It is  not d i f f i -  
c u l t  to believe t h a t  such a relearning process could r e s u l t  in the  d i f f i c u l t i e s  
experienced by the  simulator p i l o t s .  It must be remembered t h a t  although 
angular accelerat ion information can be deduced from the  strong angular veloc- 
i t y  cues present i n  the  v i s u a l  display,  there  is  l i t t l e  v i s u a l  information t h a t  
can be offered as a subs t i t u t e  f o r  l i nea r  accelerat ions.  

The need f o r  s tud ies  aimed a t  defining the  influence of cockpit motion 
over a wide range of f l i g h t  t a sks  i s  recognized. U n t i l  these def in i t ions  a re  
obtained, the  e f f ec t ive  research use of the  type of simulation described i n  
t h i s  paper w i l l  require very ca re fu l  assessment of t he  significance of acceler-  
a t ion  cues in each simulated task,  and w i l l  benef i t  from the  u t i l i z a t i o n  of 
t e s t  p i l o t s  who have had the  opportunity to at ta in  and maintain proficiency 
with the  equipment. 
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TABLE I.- C m C m I S T I C S  O F  TKE S m  AIRCRAFT IN' TKE LANDIN'G APPROACH 

.. . - 

Weight, W, lb 

Wing area, S, sq f t  

Aspect rat i o  

Speed, V, knots 

L i f t  coef f ic ien t ,  CL 

Fuselage angle of a t tack,  a, deg 

Pitching moment of iner t ia ,  Iy, s lugs / f t2  

Control column t r a v e l ,  i n .  

Longitudinal cont ro l  force,  ~ b / i n .  
. .  

707 

180 , 000 
2,894 

7 -0 

132 

1.06 

2.8 

5x10~ 

SST 

210,000 

5, 500 

2.17 

140 

0.57 

12x106 

8 af t ,  6 forward 
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TABm T I . -  LONGITUDINAL CHARAC?IERISTICS OF TEST CONFIGURATIONS 

Airplane 

707 

SST Al 

A2 

A3 

A4 

A5 

B1 

B2 

B3 

B4 

aT/W 
dV 

0.0012 

- .0012 

- .0012 

- .0012 

- .0012 
- ,0012 
0 

0 

0 

0 

0 38 

.42 

.21 

.21 

0 

0 

.42 

.21 

.21 

0 

o .023 

.020 

,020 

. o n  

.020 

. o n  

.020 

.020 

.011 

.011 

0.98 

-90 

77 

.77 

.62 

.62 

90 

.77 

-77 

.62 

t: 

0.62 

.70 

.81 

.81 

1.00 

1 .oo 

a70 

.81 

-81 

1.00 



TABLE 111.- PILOT OPINION RATING SYSTEM 
r 

Primary 
Description m i s s  ion 

accompli shed 

A d  j e c t  ive Numerical 
ra t ing  r a t i n g  

Normal 
operat ion 

1 Excellent , include s opt imum Ye s 
2 Good, pleasant t o  f l y  Yes 
3 Satisfactory,  but with some mildly 

unpleasant charac te r i s t ics  Yes 

Satisfactory 

I 4 I Acceptable, but with unpleasant I 

Large jet 
aircraft f l igh t  

time, hr 

charac te r i s t ic  s I Yes I 

Unacceptable f o r  normal operation ' Doubtful 
I Acceptable f o r  emergency condition 

operat ion , 

Research simulator 
experieuce , y r  

only1 Doubtful 

C a n  be 
landed 

Yes 
Yes 

Yes 

Yes 
Yes 

Yes 

I Unacceptable even f o r  emergency 7 
DoubtfUl ' No condit ion1 NO 

operat ion,  Unacceptable 8 Unacceptable - dangerous No No 
, 9 Vnaccept able - uncontrollable No NO 

lFai lure  of a s t a b i l i t y  augmenter 

TABLE 337.- PILOT EXPERIENCE 

P i l o t  Total  f l i g h t  
time, hr 

4200 

4000 

goo0 

4500 

3600 

80 

75 

1800 

l5 I 
I. None 

8 

7 

None 

10 

6 
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Figure 1. - Comparison of geometrical character is t ics  f o r  a delta-winged supersonic transport  and a 
current turbojet  t raasport .  



A-31061 
Figure 2. - Lnstrument display and v i sua l  view of runway i n  landing-approach simulator. 
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A-31062 
Figure 3.- DALTO visual  simulator - runway model and closed-circuit TV camera. 
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Figure 4.-  L i f t  m d  drag charac te r i s t ics  of the  simulated subsonic t r m s p o r t  a i r c r a f t .  
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Figure 5 .  - L i f t  and drag character is t ics  of the simulated supersonic transport  a i r c r a f t .  
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Figure 6.-  Variation of thrust required with speed for the  simulated airplanes on the ILS glide slope. 
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Figure 7.- Effect of presence of the  ground plaae on the  aerodynamic characterist ics of t he  t e s t  
configurations as simulated f o r  the landing tes ts .  
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Figure 8. - Effects of var ia t ions of longitudinal s t a b i l i t y  and control parameters on pilot-opinion 
ra t ing  in  the  instrument approach task .  
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turbo jet transport .  



12 

0 
al 
v) 

\ 
- 0  rc 

4- 
c 
al F l i g h t ,  183 landings, reference 7 

S i m u l a t o r ,  160 l a n d i n g s  i - -  Q, 

u- 

4 l  
0 

Q, 

0 
c 

0 IO 20 30 40 5 0  
Wheel  a l t i t u d e ,  f t  

60 
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Figure 12.- Landing performance f o r  707 and SST simulations. 
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